Abstract. This study designed a green one-pot method for furfural production from corn cobs that were heterogeneously catalyzed by recoverable solid-acid ZSM-5. The highest furfural yield of 78.5% was obtained under the following conditions: 473 K, 30% ZSM-5, 15 mL of toluene, and 500 mM of NaCl for 2 h. Catalyst recycling study showed that ZSM-5 could be repeatedly reused with high catalytic activity. The furfural yield was still up to 64.0% even when reused five times. The results showed that corn cobs are a suitable feedstock to produce furfural catalyzed by ZSM-5. This study not only provides basic data for the furaldehyde industry, but also offers an environmentally friendly way to make full use of crops.
Introduction
Biomass is an efficient source for the production of chemicals, biofuels, and energy and has attracted lot of attention [1] . Lignocellulose, primarily composed of cellulose, hemicellulose, and lignin, is a kind of sustainable and abundant material produced via photosynthesis. About billions of tons of corn cobs are produced annually in the world, and have a great potential to be one of the main feedstocks in the production of furfural [2] .
Furfural is an important intermediate chemical from which can be derived many chemical products, such as furfural alcohol, acetyl furan, furoic acid, methyl furan, and THF [3] . Usually, the content of hemicellulose in corn cobs is approximately 29.98±3.60%. Thus, corn cobs can be used to produce furfural. Xylose dehydration toward furfural has been studied for several decades using mineral acids HCl [4] , H 2 SO 4 [5] , and H 3 PO 4 [6] as catalysts. However, there is no record of producing furfural from corn cobs in one pot catalyzed by solid acid ZSM-5.
In addition, rapid and continuous removal of furfural from the reaction solution was urgently demanded to obtain a high yield of furfural using organic solvents. Many organic solvents, such as THF [7] , cyclopentyl methyl ether (CPME) [8] , toluene [9] , DMSO [10] , butanol and MIBK, have been used. Besides, metallic oxides and chlorides have been reported to increase furfural production. NaCl [9] , ZnCl 2 , AlCl 3 , and FeCl 3 have all been studied recently. In this paper, NaCl was chosen to be added in the reaction mixture and various concentrations were studied to determine the best concentration.
This study aims to produce furfural in one pot from corn cobs in a green method using industrial catalyst ZSM-5 zeolite and to solve the problems of corrosion, pollution, and inefficiency during the traditional production process. In addition, a catalyst recycling study was carried out.
Experimental
Materials. Corn cobs were supplied by a farm from Pingdu (China) and it contains 30.5wt% xylose, 35.9 wt% glucose. All the reagents used in this experiment were of analytical grade.
International Conference on Advances in Energy and Environmental Science (ICAEES 2015) Hydrolysis Reaction. All experiments were conducted in one pot using the method of a previous study [9] . Reaction temperature, amount of ZSM-5 and reaction time was studied.
Product Analysis. The furfural in aqueous phase and organic phase was detected by high performance liquid chromatography (HPLC) with a UV detector and evaporative light and gas chromatography(GC), respectively. Effect of reaction temperature on furfural formation. Different reaction temperatures on the hydrolysis of xylose into furfural was carried out. The results are presented in Fig. 1(a) . Obviously, a quicker increase in furfural yield with the temperature rise at the beginning and the maximum furfural yield of 45.9% could be achieved after 2 h at 473 K. The conversion of xylose increased sharply as the temperature increased, from 37.0% to 99.6%. However, furfural yield and selectivity decreased when the temperature was over 473 K. This is probably due to the side reactions of degradation or condensation between furfural and reaction intermediates from xylose at high temperatures [11] . Moreover, furfural is highly unstable and degrades more quickly at high temperatures.
Results and Discussion

Optimization
Effect of the amount of ZSM-5 on furfural formation. To study the effect of the amount of ZSM-5 on furfural production, the ratio of solid acid catalyst to corn cobs was varied from 20% to 60%. The results are shown in Fig. 1(b) . The results showed that the yield of furfural increased from 35.6% to 39.1% as the solid acid catalyst dosage increased from 20% to 30% and the maximum furfural yield of 39.1% could be obtained after 2 h at 473 K. The conversion of xylose was close to 100%. However, further increasing the catalyst loading decreased the furfural yield. The reason might be that excessive catalyst enhanced the secondary reactions, such as xylose dehydration to other aldehydes (e.g., formaldehyde) and degradation of furfural, which resulted in undesired by-products [12] . Therefore, the appropriate catalyst dosage could lead to higher furfural yield.
Effect of residence time on furfural formation. To study the influence of residence time on furfural formation, residence times of 1 to 5 h were employed while keeping other conditions constant. As shown in Fig. 1(c) , the conversion of xylose and the furfural yield increased as the residence time increased (with increases from 37.0% to 92.2% and 13.8% to 45.9%, respectively). The maximum furfural yield was achieved at 473 K for 2 h. Moreover, after reaching the maximum, the furfural yield and its selectivity decreased with further increasing reaction time. This may have occurred because the long reaction time promoted yield-loss reactions and led to the formation of soluble degradation products or black insoluble solids [13] . O'Neill et al. [14] revealed this phenomenon in a previous study. Fig. 2 . Effect of (a) organic solvent and (b) NaCl concentration on yield of furfural, selectivity of furfural, and conversion of xylose Four organic solvents, i.e., isobutanol, toluene, THF, and DMSO, were utilized as extracting agents. Figure 2(a) shows that the maximum furfural yield of 66.8% and xylose conversion of 96.1% could be obtained in a toluene/water system. Furthermore, a furfural yield of 25.4% could be achieved in an isobutanol/water system. The THF/water system and DMSO/water system resulted in furfural yields of 13.4% and 28.9%, respectively. Xylose conversion decreased in the following order: DMSO>Toluene>THF>Isobutanol. Previous studies reported that toluene was the preferred solvent as an extracting agent [15] . The same results are shown in our experiments. Once furfural was formed, it could sequentially react in the aqueous phase with the presence of catalysts. However, furfural can be extracted into the organic phase immediately to prevent further secondary reactions because the catalyst only exists in the aqueous phase. Therefore, toluene was the best choice.
Effect of Organic Solvents on Furfural Formation
Effect of NaCl on Furfural Formation
In a previous study, it was found that NaCl makes the largest contribution to furfural yield, compared to FeCl 3 , CaCl 2 , and KCl. It can be thus used as a promoter in furfural formation. Therefore, various concentrations of NaCl, from 100 to 900 mM, were investigated; the results are shown in Fig. 2(b) . The furfural yield increased as the concentration of NaCl increased, and the maximum furfural yield of 77.2% was obtained at 500 mM. This could be attributed to the salting-out effect of NaCl, which decreased the solubility of furfural in water, forcing furfural to transfer to the organic phase. The mechanism of furfural formation in the presence of chloride ions has been reported in previous work [16] . On the other hand, halide ions play an important role in the reaction. Chloride ions have an effect on the hydrolysis of hemicellulose and cyclodehydration of xylose to obtain furfural. Previous studies also have shown that chloride ions reinforce the degradation of xylose and xylan. When the NaCl concentration was over 500 mM, the yield of furfural and conversion of xylose decreased slowly until the concentration reached 700 mM, then decreased remarkably above 700 mM. According to the Debye-Huckel theory, the ion's activity decreased while the salt concentration increased; consequently, the acid activity decreased, leading to a lower furfural yield and xylose conversion.
Catalyst Recycling Study
In order to achieve the green and economy goal, a catalyst recycling study was carried out. The catalyst from the reaction mixture was simply washed with diluted acid and water after each use, then calcined for the next reaction. As shown in Fig. 3 , the furfural yield obtained from the first run was the highest, although the furfural yields obtained using the recycled catalyst were all similar. A furfural yield of 64.0% was achieved in the fifth recycle run, a decrease of approximately 11% compared to the first run. This indicated that the catalyst activity was reduced. ZSM-5 has weak acidic sites and strong acidic sites. After the first run, the stronger acidic sites were damaged and the weaker acidic sites remained stable during the reaction process. 
Conclusions
Furfural yield can be improved by changing the reaction conditions (reaction temperature, time, amount of catalyst, solid-liquor ratio, type of organic solvent, and salt). The optimal reaction conditions are 473 K, 30% solid acid, corn cob to aqueous solution ratio of 1:10, 20 to 40 mesh, 15 mL of toluene, 500 mM of NaCl, and heating for 2 h. Under optimized reaction conditions, 78.5% furfural yield was obtained.
The catalyst recycling study showed that ZSM-5 could be recycled more than five times; using the above conditions, the furfural yield was still up to 64.0%.
Diluted acid can improve the activity of the catalyst. The yield of furfural increased from 55% to 64% when the catalyst was washed with diluted acid during the catalyst recycling study.
